Zika virus (ZIKV) is a neurotropic virus that can cause neuropathy in adults and fetal 23 neurologic malformation following infection of pregnant women. We used a nonhuman primate 24 model, the Indian-origin Rhesus macaque (IRM), to gain insight into virus-associated hallmarks 25 42 chemokine may be involved in virus-induced inflammation and/or in repair of virus-induced brain 43 damage. Our data are significant since they help in understanding the mechanism of brain 44 damage caused by ZIKV in adults. 45 3 46 Introduction 47 Zika virus (ZIKV), is a neurotropic flavivirus associated with Guillain-Barre' syndrome 48 (GBS) in adults and is also well-known for causing fetal neurologic malformation following 49 infection of pregnant women (1, 2). In addition to causing GBS, which features damage to the 50 protective myelin sheath surrounding axons, ZIKV can cause neuropathy in adults in the form of 51 meningioencephalitis and myelitis (3, 4). The pathogenesis of ZIKV and the host-pathogen 52 interactions important for the development of these lesions still need to be elucidated.
taken from animals evaluated an extended period after infection. Two of the of the animals (HJ72 140 and HE27) exhibited CSF protein levels markedly higher than the samples from uninfected 141 animals consistent with the possibility that infection can result in a longer-term increase in CSF 142 protein in individual IRMs. However, the CSF samples from seven animals obtained from long 143 times after infection had protein concentrations that did not differ significantly from the preinfection 144 controls. 145 To investigate the mechanism of ZIKV-induced neural damage and repair we carried out 146 Luminex-based quantification of cytokine levels in the CSF in four female IRMs (EL21, JI20, JR20, 7 147 and ID92) and three male IRMs (HP17, HP87, and JP58) using a macaque-specific panel 148 designed to detect cytokines found during infection and inflammation (a list of the cytokine panel 149 is provided in Table S1) . Surprisingly, of the 37 cytokines screened and quantified in this initial 150 analysis only two, CXCL12 and IL1RN, were significantly affected by virus infection (Fig. S3 ).
151
CXCL12 is a chemokine important in multiple processes including neural repair and maintenance 152 of BBB integrity. The IL1RN gene product is an indirect negative regulator of CXCL12; binding of 153 virus-induced type I interferon (IFN) to its receptor, IL1R, triggers CXCL12 expression, and the 154 IL1RN gene product binds the IL1R inhibiting IFN binding thereby blocking IFN signal 155 transduction. We extended the analysis to all animals using CSF samples from both short and 156 long time intervals following ZIKV infection by using a custom panel capable of quantifying 157 CXCL12 and IL1RN. In accord with our initial experiment, CXCL12 and IL1RN were both 158 significantly upregulated in the CSF during acute infection ( Fig. 4b and c ). Moreover, CXCL12 159 concentrations remained strikingly high in the CSF long after infection. In contrast, IL1RN 160 markedly waned following acute infection and returned to levels similar to those observed prior to 161 ZIKV infection. 162 To determine the location of CXCL12 expression in neural tissue following ZIKV infection 163 we carried out immunohistochemistry using an anti-CXCL12 antibody. As expected, the majority 164 of CXCL12 was detected in association with microvascular endothelia, stained with GLUT-1.
165
Expression by vascular endothelial cells is consistent with the role of CXCL12 in maintaining BBB 166 integrity and restriction of lymphocytes into the CNS parenchyma during homeostasis. Parallel 167 evalutation of control and ZIKV-infected animals by semi-quantitative immunohistochemistry 168 using an anti-CXCL12 antibody was undertaken to investigate whether the increase in CXCL12 169 seen in the CSF was mirrored in neural tissue. Suprisingly, we did not see a significant difference 170 in cortical tissue between control and ZIKV-infected animals. However, expanding the analysis to 171 spinal cord, there was a significant increase in CXCL12 staining in ZIKV infected tissue consistent 172 with the increase in CXCL12 seen in the CSF (Fig. 4d ). These results show that CXCL12 is 8 173 dysregulated during Zika virus infection, and that the spinal cord is a potentially important site of 174 action of viral infection in adults.
175
Positive regulators of the expression of CXCL12, as well as a spectrum of additional 176 antimicrobial and proinflammatory cytokines, include tumor necrosis factor (TNF)(23), the 177 proinflammatory cytokine, IL1B (24), and a soluble form of the peptide, CD40LG (25). Thus, TNF, 178 IL1B, and CD40LG were included as targets in the custom Luminex panel we used to quantify 179 CXCL12 and IL1RN in Fig. 4 . Quantification of these potential regulators of CXCL4 indicated that 180 all remained below the limit of detection in the CSF prior to and after ZIKV infection ( Fig. S5 ).
182
Discussion 183 We have shown that ZIKV causes acute and chonic neural perivascular inflammation and 184 that ZIKV compromises BBB integrity in adult IRMs. Consequently, this is an important NHP 185 model with high potential for elucidating facets of ZIKV-induced neuropathy in adult humans.
186
A striking observation is that ZIKV infection resulted in specific short-and long-term The molecular mechanism responsible for induction of CXCL12 expression in the CNS is 
217
Most of the animals used in our evaluation of ZIKV on the adult CNS were females that 218 had been infected during pregnancy. However, there does not appear to be an obvious effect of 219 pregnancy on virus-induced CXCL12 expression in the CNS or on neuroinflammation. CSF 220 samples taken following parturition, or from males, were not significantly different in CXCL12 221 levels than those obtained during pregnancy ( Fig. S6) . Similarly, there was not obvious correlation 222 between time of necropsy/histological evaluation revealing inflammation and pregnancy.
223
We found that ZIKV infection of adult IRMs resulted in neuroinflammation with a primary 224 outcome of high incidence meningitis. As reported here and elsewhere (19, 21), CSF-associated 225 ZIKV appears to be cleared during acute infection. Consequently, we were surprised that 226 neuroinflammation persisted long after infection and at times when virus is generally considered 227 to be cleared from the CNS and other tissues. Chronic neuroinflammation could indicate that ZIKV 228 replicates and remains in neural tissue at levels below the limit of detection. Alternatively the virus 229 may trigger a host response marked by persistent neuroinflammation and CXCL12 expression in 230 the absence of virus. In either case, protracted ZIKV-associated neuropathy has potentially 231 significant clinical ramifications.
232
African and Asian ZIKV strains are associated with phenotypic differences in both in vitro 233 replication and in vivo pathogenesis (28-31). The Rio-U1 ZIKV stock used in this study was a 234 primary stock isolated from a Brazilian patient and is not adapted to cell culture. The virus forms 235 smaller plaques on Vero cell monolayers than other strains. In addition, Rio-U1 is more 236 pathogenic than other commonly used American strains in AG129 mice (32). It will be interesting 237 to see whether other ZIKV strains elicit identical neuropathology to that described in this study.
238
While the mechanism of ZIKV-induced neuropathology in the IRM model remains to be 239 elucidated, the neural damage and repair we observe is likely to overlap with pre-clinical or clinical 240 ZIKV-induced GBS spectrum disease in humans. GBS histograms. The histograms were then analyzed to determine whether the fibrinogen was above 307 background levels outside of the two primary GLUT-1 peaks; vessels that displayed this phenotype 308 were considered to be extravasated. A total of 25 vessels were examined from each animal via 309 random imaging, but were required to meet the following criteria; vessels must be less than 10µm Immunohistochemistry was performed using anti-CXCL12. Sections were deparaffinized 318 by incubating them for 1h at 58-60 o C. After the sections were deparaffinized, they were rehydrated 319 and pretreated for antigen retrieval by microwaving in a citrate based Antigen Unmasking Solution.
320
Sections were washed with Tris-based saline (TBS) contain 0.05% Tween-20 for 10 min, 321 Following, sections were treated with peroxidase blocking solution for 10 min. After washing again, 322 sections were incubated with 5% normal goat serum in TBS for 30 minutes. Table S1 . Initial analysis of several animals was carried out using an NHP-specific panel designed 
